Abstract Differential gene expression regulates tissue morphogenesis. The embryonic gonad is a good example, where the developmental decision to become an ovary or testis is governed by female-or male-specific gene expression. A number of genes have now been identified that control gonadal sex differentiation. However, the potential role of microRNAs (miRNAs) in ovarian and testicular pathways is unknown. In this review, we summarise our current understanding of gonadal differentiation and the possible involvement of miRNAs, using the chicken embryo as a model system. Chickens and other birds have a ZZ/ZW sex chromosome system, in which the female, ZW, is the heterogametic sex, and the male, ZZ, is homogametic (opposite to mammals). The Z-linked DMRT1 gene is thought to direct testis differentiation during embryonic life via a dosage-based mechanism. The conserved SOX9 gene is also likely to play a key role in testis formation. No master ovary determinant has yet been defined, but the autosomal FOXL2 and Aromatase genes are considered central. No miRNAs have been definitively shown to play a role in embryonic gonadal development in chickens or any other vertebrate species. Using next generation sequencing, we carried out an expression-based screen for miRNAs expressed in embryonic chicken gonads at the time of sexual differentiation. A number of miRNAs were identified, including several that showed sexually dimorphic expression. We validated a subset of miRNAs by qRT-PCR, and prediction algorithms were used to identify potential targets.
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Introduction
In higher vertebrates, the male and female sexes exhibit physiological and behavioural differences required for sexual reproduction. These differences are the result of two processes occurring during embryonic development, sex determination and sexual differentiation. The former is a decision as to what sex the organism will become, the latter being the development of a sexspecific phenotype. In organisms where sex is genetically determined, the combination of sex chromosomes at fertilisation determines sex. Sexual differentiation occurs later and is traditionally thought to start with development of the embryonic gonads into testes or ovaries. The gonads then secret masculinising or feminising hormones that initiate sex-specific development. However, recent studies have challenged this view, providing evidence that sexual differentiation may be cell autonomous, at least in birds, and that the sexual phenotype is at least partly determined on a cell-by-cell basis (Zhao et al. 2010) . Nevertheless, gonadal sex differentiation (testis versus ovary formation) is a key aspect of sexual development.
Recent years have seen some major advances in our understanding of the molecular genetics underlying gonadal sex differentiation, in the chicken and in other vertebrates (Koopman 2001; Morrish and Sinclair 2002; MacLaughlin and Donahoe 2004; Smith and Sinclair 2004; Wilhelm et al. 2007; Graves 2009; Sekido and Lovell-Badge 2009; Sekido 2010; Smith 2010; Chue and Smith 2011) . Though many genes co-ordinating gonad development have been discovered, regulatory interactions amongst these genes are less clear. One area of growing interest in the field of reproduction and sexual differentiation is the likely involvement of small non-coding RNAs, especially microRNAs (miRNAs). MiRNAs are known to regulate cell division and cell fate and identity (reviewed, Pauli et al. 2011; Suh and Blelloch 2011) . Furthermore, miRNAs have been detected in mammalian and avian gonads during development (Bannister et al. 2009; Tripurani et al. 2010; Torley et al. 2011) . Some of these gonadal miRNAs show sexually dimorphic expression patterns and are candidate regulators of sex-specific development. Here, we review how miRNAs may be involved in embryonic gonad development using the chicken embryo as a model system.
Gonadal development in the chicken
The embryonic gonads develop in a similar way in mammals and birds, involving conserved cell types and developmental processes that are generally shared (Lovell-Badge et al. 2002; Sekido and Lovell-Badge 2007; Smith 2007; Chue and Smith 2011) . This implies that the underlying genetic pathways leading to testis or ovary formation are also conserved. Indeed, the chicken shares with other vertebrates several key genes involved in gonadal sex differentiation, such as DMRT1, SF1, SOX9 and AMH, as outlined below (Smith and Sinclair 2004) . The chicken therefore provides a practical model for studying embryonic gonad development (Morrish and Sinclair 2002; DeFalco and Capel 2009 ). In the chicken, sex is determined genetically: male is the homogametic sex (ZZ) and female is heterogametic (ZW). In both sexes, embryonic gonads appear on the ventral surface of mesonephric kidneys at embryonic day (E) 3.5 (Fig. 1) . This is equivalent to Hamburger and Hamilton (HH) stage 19-20, (Hamburger and Hamilton 1951) . Gonads at this stage comprise an inner region, the medulla, surrounded by a thin outer cortex. The germ cells, having migrated via the bloodstream from the extra-embryonic germinal crescent, settle in the gonads prior to sexual differentiation (E3-4). The gonads are histologically identical between the sexes at this time (up to day E5; HH stage 28). Gonadal sex differentiation commences at E6-6.5 (HH stage 29-30) and marks the first point at which sex differences in the gonad are histologically detectable. In males (ZZ), the first morphological sign of testicular differentiation is the condensation of pre-Sertoli cells within the medulla of the gonads. These pre-Sertoli cells aggregate into presumptive seminiferous cords. During this time, germ cells migrate into the cords, and steroidogenic "interstitial" cells later differentiate around the cords (Martineau et al. 1997; Smith et al. 2005) . The outer layer of cells (the cortex) subsequently reduces to an epithelial monolayer. In females (ZW), ovarian differentiation begins with a thickening of the cortical layer. However, only the left gonad develops into a functional ovary. The right gonad regresses and becomes rudimentary. The ovarian cortex grows and accumulates germ cells, while the medulla of both left and right gonads becomes fragmented and develops fluid-filled cavities called lacunae (Fig. 1 ).
Molecular control of gonadal differentiation in the chicken embryo

Testis
In mammals, the Y chromosome-linked SRY gene (Sex-determining Region Y) initiates testis differentiation in males (XY). There is no SRY homolog in the chicken, and a master sex-determining gene has not yet been identified. However, DMRT1 (Doublesex and mab-3-related Transcription factor 1) is required for testis differentiation in the chicken. DMRT1 is Z-linked and is exclusively expressed in the urogenital system in chicken embryos. It is more highly expressed in males, and its knockdown leads to feminisation of ZZ gonads (Smith et al. 2003 . It has been suggested that DMRT1 in males may activate SOX9 (SRY (Sex determining region Y)-box 9) Chue and Smith 2011) , which is required for Sertoli cell differentiation during testis development in mammals (Kobayashi 2005) (Fig. 2) . Although the knockdown of DMRT1 reduces testicular SOX9 expression ), expression of the two genes is not temporally aligned. Furthermore, DMRT1 is also expressed in Fig. 1 Sexual differentiation of the embryonic gonad in the chicken. Gonads appear ventral to the mesonephric kidney and remain bi-potential until embryonic day (E) 6.5, when morphological differences develop. By E9.5, the medulla of the testis (ZZ) has well-developed cord structures that are populated by PGCs (dot), whereas in the ovary (ZW), PGCs populate the cortex, which is now thickened females, albeit at lower levels (Oreal et al. 2002; Koba et al. 2008 ), but SOX9 is not expressed in female gonads. If DMRT1 does indeed regulate SOX9, it is likely that other male-specific factors intervene.
In male mammals, embryonic Anti-Müllerian Hormone (AMH) is expressed in Sertoli cells and functions to regress the Müllerian ducts, which would otherwise form the uterus and Fallopian tubes (Rey et al. 2003) . Mammalian females express very little if any AMH during gonadal development, which allows the Müllerian ducts to develop into the internal female genitalia. Contrary to mammals, chicken AMH is expressed in both sexes at low levels but is upregulated in males specifically during gonadal differentiation (Oreal et al. 1998; Oreal et al. 2002; Koba et al. 2008) . As in mammals, AMH is thought to trigger the disintegration of Müllerian ducts in male chicken embryos. The right duct also disintegrates in female chicken embryos, which may explain the expression of AMH in ZW embryos (the left duct of females forms a functional oviduct, and it is thought that the left duct is protected from AMH by local oestrogen production). In mammals, Sox9 participates in the activation of Amh gene expression in Sertoli cells (De Santa Barbara et al. 1998; Lasala et al. 2011) (Fig. 2) . However, chicken AMH expression precedes that of SOX9 (Oreal et al. 1998) , at least at the mRNA level, suggesting that its activation is not dependent upon SOX9. Interestingly, male-to-female sex reversal, including Müllerian duct regression, can be induced by grafting a late stage embryonic testis to the vasculature of female chicken embryos prior to ovarian differentiation (Frankenhuis and Kappert 1980; Maraud et al. 1990; Rashedi et al. 1990 ). The likely factor inducing sex reversal in this instance is AMH, which may have a more central role in avian testis formation than it does in mammals.
Ovary
In the mammalian embryo, two important ovarian pathways have been defined. The first involves the canonical β-catenin signalling pathway. In this pathway, ovarian signalling molecules R-Spondin 1 (Rspo1) and Wnt-4 activate the β-catenin pathway in the developing female gonad (Fig. 2) . Rspo1 is currently thought to activate Wnt4, and they then act together to stabilise β-catenin (Tomizuka et al. 2008) . XX β-catenin null mice develop masculinised gonads, and this effect is very similar in mice with targeted deletions of Rspo1 or Wnt4 (Liu et al. 2009 ). Therefore, the β-catenin pathway represents a critically important regulator of ovarian development, at least in mammals. The same may also apply to birds.
The second pathway leading to ovarian development involves the transcription factor FOXL2 (forkhead box (winged helix)). In mammals, FOXL2 activates key events involved in ovarian growth and differentiation, such as aromatase enzyme expression, inhibin and follistatin gene expression, and granulosa cell development (Harris et al. 2002; Schmidt et al. 2004; Blount et al. 2009 ). In the chicken, FOXL2 is also activated femalespecifically at the time of sexual differentiation (E5.0; HH stages 27-28), and the protein co-localises with aromatase enzyme in medullary cells of the developing ovary (Govoroun et al. 2004; Hudson et al. 2005) . Aromatase converts androgens to oestrogens, and is likely to be activated by FOXL2 (Govoroun et al. 2004; Hudson et al. 2005; Fleming et al. 2010) . Oestrogens are potent feminising factors in non-mammalian vertebrates. Avian males treated with oestrogen can develop transient ovaries (reviewed Scheib 1983) , while inhibition of aromatase enzyme activity can induce sex reversal of female chicken embryos (Elbrecht and Smith 1992; Vaillant et al. 2001) . Aromatase therefore represents a critical factor required for gonadal sex differentiation of the chicken, indicating that steroid hormones play crucial roles in the early stages of avian gonad development. However, neither the aromatase gene nor its potential activator, FOXL2, is sex linked in the Fig. 2 Key genes involved in chicken gonadal sex differentiation based on expression profiling and knockdown analysis. In males (ZZ), DMRT1 is likely to indirectly activate SOX9 expression, which is critical for testis differentiation. In females (ZW), RSPO1 leads to activation of the Wnt4/β-catenin pathway, and together with FOXL2/aromatase leads to ovary differentiation. DMRT1 and FOXL2 may act to antagonise the ovarian and testicular differentiation pathways, respectively, as occurs in mammals chicken. The upstream activator of this FOXL2-aromatase pathway in ZW embryos is currently unknown.
It has been proposed that the male and female differentiation pathways are mutually antagonistic, both at the embryonic and postnatal stages (Kim et al. 2006; Sinclair and Smith 2009; Veitia 2010) . For example, in the mouse embryo, Sox9 and Wnt4 mutually antagonise each other during testis and ovarian formation (Barske and Capel 2008) . Ablation of critical gonadal sex-determining factors at postnatal stages can cause transdifferentiation of the gonad, and development of characteristics of the opposite sex. For example, ablation of FOXL2 in postnatal female mice results in testis-like cord structures that express SOX9 and AMH and harbour differentiated spermatogonia (Uhlenhaut et al. 2009 ). Similarly, deletion of DMRT1 in postnatal mice allows reprogramming of Sertoli cells to granulosa cells that express FOXL2 (Matson et al. 2011 ). These studies not only demonstrate the lability of supposedly terminally differentiated gonads, but they also show that the sexual phenotype of differentiated gonads needs to be constantly maintained in a mutually antagonistic environment (Fig. 2) . Whether this post-embryonic antagonism in mammals also prevails in the chicken system is unknown.
Of particular interest is the regulation of genes that are expressed in both sexes but at different levels. For example, chicken DMRT1 and AMH are expressed in the gonads of both sexes but more highly in males. How is this differential expression regulated? Regulation could occur at the transcriptional level, with a different set of factors operating in males versus females. An alternative possibility is post-transcriptional regulation. In this context, a potential role exists for regulatory control by miRNAs. We and others have detected miRNAs in embryonic gonads, where they may modulate the genetic pathways required for sexual differentiation (Bannister et al. 2009; Hossain et al. 2009; Torley et al. 2011; Tripurani et al. 2010) .
MiRNA biogenesis and function
MiRNAs are post-transcriptional regulators of gene expression, which act by negatively regulating specific target mRNAs. MiRNA genes are located within intragenic or intergenic regions and can be autonomously regulated or regulated together with a host gene transcript. The miRNA forms a characteristic hairpin structure within the primary transcript. This is recognised by the Drosha and Dicer endonucleases that produce the mature 21-23 nt miRNA (summarised in Fig. 3 ). The mature miRNA is then loaded into the RNA-induced silencing complex (RISC) to form the activated miRNA-RISC complex (miRISC). RISC is the chief regulating component in this process, whereas the miRNA simply establishes RISC specificity to target mRNAs. Though most functional target sites for miRNAs have been identified in the 3′ untranslated regions (UTRs) of mRNAs, growing evidence suggests that functional sites may also exist in the 5′ UTR and coding regions of mRNAs (Easow et al. 2007; Lytle et al. 2007; Duursma et al. 2008; Forman et al. 2008) . RISC is primarily associated with translational repression, and it does so by a number of means, including mRNA degradation or destabilisation by slicing or de-adenylation, interfering with ribosomal assembly and progression, or degradation of polypeptide synthesis via proteinase recruitment. Less commonly, miRNAs may also upregulate translation (Vasudevan et al. 2007) or translocate mRNAs to p bodies (Liu et al. 2005) , presumably storing the transcript for future translation or degradation. For in-depth reviews of miRNA biogenesis and processing, targeting, and target regulation, see reviews by Brennecke et al. (2005) , Brodersen and Voinnet (2009), Huang et al. (2010) , and Perron and Provost (2006) .
Expression of miRNAs in the embryonic gonad
Recent studies have identified miRNAs with sexually dimorphic expression patterns in mammalian embryonic gonads, implying that they are active during gonad development (Hossain et al. 2009; Tripurani et al. 2010; Torley et al. 2011) . Though there are no cross-species studies that compare gonadal miRNA expression patterns at comparable time points, there are groups of miRNAs that are commonly up-regulated in the gonads across different species. For example, miRNA 101 (miR-101) is upregulated in the testis of sheep, pig, and mouse (Yu 2005; Luo et al. 2010; Torley et al. 2011) . Similarly, miR-202-5p is up-regulated in pig and mouse testes (Mishima et al. 2008; Luo et al. 2010 ). However, there are studies undermining the importance of miRNAs during embryonic gonadal differentiation, including research on Dicer knockout embryos. Dicer is critically required for miRNA maturation, and its knockout results in failure of miRNA biosynthesis. Global Dicer knockout is embryo lethal in mice and zebrafish from E7.0 and E14-15, respectively (Bernstein et al. 2003; Wienholds et al. 2003) , implying that miRNAs are indispensible for early embryonic development. Indeed, Dicer and other components of the miRNA machinery are expressed in many different tissues, including testes and ovaries (González-González et al. 2008; Merritt et al. 2008; Pampalakis et al. 2010) . To investigate the importance of Dicer in the developing gonad, recent studies have employed gonad-specific conditional Dicer1 knockout mice (Liu et al. 2008; Huang and Yao 2010; Kim et al. 2010; Lei et al. 2010; Papaioannou et al. 2009 Papaioannou et al. , 2011 . These studies have utilised Cre recombinase driven by gonad-specific or gonad-related promoters, such as the Sf1 and Amh promoters. In these studies, loss of gonadal Dicer expression in the embryonic gonad causes abnormalities that are only apparent postnatally, such as degeneration of testis cords and arrest of spermatogenesis in males, and retarded folliculogenesis in females (Huang and Yao 2010; Lei et al. 2010 ). This has led to suggestions that Dicer and miRNAs are not required during embryonic gonadal development. There are, however, some qualifications to this conclusion. For example, Amh-Cre efficiently ablates reporter gene expression in mouse Sertoli cells from E14.0, which may be too late for complete ablation of all miRNAs (Lécureuil et al. 2002; Bingham et al. 2006) . Furthermore, miRNAs are still detected at birth (five days later) in the Amh-Cre Dicer knockout Sertoli cells (Papaioannou et al. 2009 ). These miRNAs were detected at levels only~2-fold lower than that of wild-type Sertoli cells. These findings could reflect inefficient or partially penetrant Amh-Cre mediated Dicer knockout. More likely is the robust stability of miRNAs, which prolongs their presence in the absence of Dicer. Prolonged miRNA presence was observed in Dicer −/− zebrafish embryos. MiR-26a was still detected at E8.0 at levels to comparable to Dicer +/− embryos, and also at E14.0, albeit at heavily reduced levels (Wienholds et al. 2003) . Furthermore, robust miRNA stability has also been demonstrated after Dicer1 knockout in mouse embryonic fibroblasts (Gantier et al. 2011) . It is therefore possible that the normal development of Dicer null gonads at embryonic After synthesis, the miRNA forms a secondary hairpin structure that is recognised by Drosha, which cleaves the hairpin from the primary transcript (pri-miR). Exportin-5 exports the hairpin to the cytoplasm, where DICER removes the loop and assists loading of the mature miRNA into the RNA-induced Silencing Complex (RISC). (B) Once loaded into RISC, the miRNA directs RISC to target sites within the target mRNA. RISC usually induces translational silencing by de-adenylation of the mRNA poly A tail, interfereing with polysome formation, degrading the polypeptide as it is synthesised or directly slicing through the miRNA target site. RISC may also direct mRNAs to p bodies, presumably for future translation or degradation stages is due to the stability or sequestration of miRNAs that pre-date Dicer deletion. Lastly, it is also possible that other (redundant) enzymes could mediate miRNA processing in the absence of Dicer. MiRNAs have been shown to play a role in the development of reproductive tissues and cell types at postnatal stages, for example in the reproductive tract and in germ cells (Hong et al. 2008; Maatouk et al. 2008; Nagaraja et al. 2008; Papaioannou et al. 2011 ). However, there have been few studies focussing specifically on the embryonic gonads (Ro et al. 2007; Bannister et al. 2009; Torley et al. 2011; Xu et al. 2011) . We recently identified sexually dimorphic miRNAs expressed during embryonic gonadal differentiation in the chicken (Bannister et al. 2009) (Fig. 4) . The total number of gonadal miRNAs detected from E5.5 to E6.5 was 224. This included a number of miRNAs with male or female biased expression (Fig. 4) . By E9.5, 466 gonadal miRNAs were identified; however, fewer showed a sex bias than at earlier stages. This suggests that miRNAs may be performing sex-specific roles earlier rather than later during sexual development. To further investigate the potential role of these miRNAs during gonadal differentiation, we performed qRT-PCR to validate the expression pattern of sex-biased miRNAs (Fig. 5) . Gallus gallus (gga) miR-101 was more highly expressed in male compared to female gonads at most time points, although this was not statistically significant (Fig. 5a) . However, in females, expression was significantly upregulated between E6.5 and E9.5. Gga-miR-202-5p (miR-202*/miR-202-5p) was significantly up-regulated in males to over 7.5-fold that of E5.5 levels by E9.5, and was specifically male-biased at E9.5 (Fig. 5b ). In contrast, gonadal gga-miR-31 was initially significantly male-biased, but relative expression declined during development to become un-biased by E9.5 (Fig. 5c) . These results show that miR-202-5p and miR-101 are significantly up-regulated in males and females, respectively, and that miR-31 is significantly downregulated in males after the point of differentiation. Hence, expression profiling suggests that miRNAs participate in gonadal sex differentiation in the chicken model.
Potential roles for miRNAs during embryonic gonad development in the chicken
Most studies of gonadal miRNAs have focussed on germ cell differentiation and maturation (Toloubeydokhti et al. 2008; He et al. 2009; Papaioannou and Nef 2010) . However, one recent study examined miR-363 in the embryonic chicken gonad . Expression is biphasic in females; high at E3, lower at E4, and then high again at E5. As yet, no target has been identified for miR-363 in the chicken, or in mammals, with which it shares complete homology . Of the few functional analyses of gonadal miRNAs that have been reported, most have focused on postnatal mammalian tissues. Xu et al. (2011) recently showed that miR-378 regulates aromatase expression, and therefore oestrogen synthesis, in a pre-pubertal porcine granulosa cell line. They suggested that miR-378 might function to restrict aromatase expression to small follicles and prevent interference with oocyte growth. This Fig. 4 Total number of chicken gonadal miRNAs and those showing sex-biased expression, as detected by deep sequencing, at stages E5.5, E6.5 and E9.5. Percentages represent miRNAs in the gonads of males (blue) or females (pink) with greater than twofold expression relative to the opposite sex is however the only gonadal miRNA-mRNA interaction that has been clearly demonstrated. In the chicken embryo, we have shown that miR-202-5p is expressed with a male bias during embryonic gonad development (Bannister et al. 2009 (Bannister et al. , 2011 . MiR-202-5p expression is reduced in male and female embryos treated with oestrogen (estradiol-17β) and increased in female embryos treated with oestrogen inhibitors (Bannister et al. 2011) . This suggests that miR-202-5p may play a role downstream of oestrogen signalling, perhaps in maintaining the testis phenotype. However, a gonadal mRNA target for miR-202-5p has yet to be demonstrated.
MiR-101 and miR-31 also showed significant changes in expression during chicken gonad sex differentiation. MiR-101, miR-31 and miR-202-5p are predicted to target components of the TGF-β signalling pathway (of which AMH is a member) (Fig. 6) . TGF-β signalling plays a critical role during gonad development (Drummond 2005; Fan et al. 2011) , for example, AMH signalling, which is required for Müllerian duct regression (Josso et al. 2005) . TGF-β signalling involves the binding of a ligand to type II receptors (RII) at the cell surface and subsequent phosphorylation and activation of a type I receptor (RI). Intracellular signalling continues with recruitment and activation of SMAD proteins, which then regulate gene expression by binding to target sequences (Mehra and Wrana 2002) . SMAD mediated transcription is regulated by ZEB1 and ZEB2, which promote or inhibit SMAD activity, respectively (Postigo 2003) , and TGIF, which represses TGF-β responsive genes at the SMAD DNA binding site. In mammals, AMH specifically binds to the AMH RII (AMHR2); however, the RI is likely recruited from other TGF-β pathways, such as activin receptors 2 and 3 (ACVR1) (Alk2) and bone morphogenic protein receptor 1 (BMPR1A) (Alk3) (Jamin et al. 2003; Belville et al. 2005) . BMPR1B, another TGF-β receptor, also binds AMH, but has a competitive inhibitory influence on AMH signalling. In the mammalian gonad, AMHR2 is expressed by Leydig and Sertoli cells in males (Racine et al. 1998; Salhi et al. 2004 ) and granulosa cells in females (Josso et al. 2001 ). It therefore is likely to have embryonic roles beyond Müllerian duct regression. However, to date, avian AMHR2 remains undefined.
Interestingly, miR-101 is predicted to target TGIF1, ZEB2 and BMPR1B (TargetScan, Lewis et al. 2005) , which inhibit TGF-β signalling. Therefore, miR-101 potentially inhibits the repressive effects of TGIF1, ZEB2 and BMPR1B during TGF-β and AMH signalling. MiR-101 is also predicted to target ZEB1, which promotes SMAD transduction of TGF-β signals to gene targets. In male gonads, miR-101 may therefore Fig. 5 Relative expression of gonadal miRNAs as detected by qRT-PCR. (A) MiR-101 is expressed higher in males at E5.5 and E6.5; however, expression is highly significantly upregulated in females between E5.5 and E9.5 (***p<0.001). (B) miR-202-5p expression is higher in males at E6.5 and E9.5 and increases significantly between E6.5 and E9.5 (**p<0.01), and is highly male specific at E9.5 (***p<0.001). (C) MiR-31 expression is significantly male-biased in males at E5.5 (*p<0.05) and E6.5 (p < 0.01) but expression down-regulates from E5.5 to and shows un-biased expression by E9.5. Expression of each miRNA was analysed in triplicate, normalised to U6 reference control, and calculated as fold difference relative to male E5.5 levels. Error bars show standard error of the mean. MiR-202-5p expression data from Bannister et al. (2011) , used here with permission function to modulate the activity of TGF-β pathway inhibitors, allowing factors such as AMH to operate. Similarly, in females, modulation of TGF-β pathway repressors may allow TGF-β family members required for ovarian development to function, such as activins, inhibins, follistatin, and BMPs. TGF-β signalling is critical to folliculogenesis and oogenesis in mammalian ovaries (Knight and Glister 2006) . Furthermore, AMH is expressed in post-natal ovary and is postulated to prevent premature follicle activation (Vaillant et al. 2001; Gigli et al. 2005) . Therefore, the increase in female miR-101 expression in differentiating ovaries may ease repression of TGF-β/AMH signalling thereby allowing AMH regulation of follicle activation.
MiR-202-5p is predicted to target Smad5 and Acvr1 (TargetScan, Lewis et al. 2005 ) and may represent a negative regulator of AMH signalling. We have previously shown miR-202-5p to be up-regulated in males from the point of differentiation and that its expression is altered by oestrogen levels (Bannister et al. 2011) . With this in consideration, miR-202-5p may act to modulate TGF-β signalling in differentiated testis. In contrast, miR-31, which is predicted to target BMPR1A, is initially significantly expressed with a male bias but is similarly expressed between the sexes by E9.5 (Fig. 5b) . Some type II receptors may activate more than one RI (reviewed, Santibañez et al. 2011) . Therefore, the inverse miR-202-5p and miR-31 expression patterns may shift repression from BMPR1A to ACVR1/SMAD5 thereby rerouting TGF-β signalling through a different pathway. Indeed, signalling through BMPR1A and SMAD5 regulates spermatogonial differentiation in postnatal testis (Pellegrini et al. 2003) , which may be regulated by miR-202-5p repression of 'competing' RIs, such as ACVR1, and modulation of SMAD5.
A highly conserved binding site for miR-101 is also predicted in the 3′ UTR of SOX9 (TargetScan, Lewis et al. 2005; Torley et al. 2011) . Our results show that miR-101 is more highly expressed in males but increases significantly in females after gonadal differentiation (E9.5; Fig. 5a ). This suggests that miR-101 may act to reinforce the identity of ovarian cell types once differentiation has occurred, perhaps by suppressing aberrant SOX9 expression. In males, miR-101 may act to modulate or fine tune SOX9 expression, or prevent aberrant SOX9 expression in the wrong cell type. The exact cell type expressing miR-101 in the embryonic chicken gonad is presently unknown. If miR-101 co-localises with SOX9 in the developing Sertoli cells of males for example, it may a have a role in regulating SOX9 expression. It would also be interesting to determine if miR-101 localises to granulosa cells in the ovary and if its expression is altered in FOXL2 or RSPO1 null animals.
Validating and functionally analysing gonadal miRNAs
Recent screens have highlighted miRNAs as potential regulators of gonadal development. Although one miRNA, miR-378, has been found to regulate oestrogen and TGIF bind to SMADs and SMAD DNA binding sites, respectively, to inhibit signalling. MiR-101 (red) is predicted to target BMPR1B, ZEB1 and 2, and TGIF transcripts, and may modulate TGF-β signalling. miR-202-5p and miR-31 (red) are predicted to target ACVR1 and SMAD5, and BMPR1A transcripts, respectively, and may assist a shifting TGF-β signalling pathways in males post-gonadal sex differentiation synthesis in the porcine ovary (Xu et al. 2011) , targets of the many other gonadal miRNAs remain unknown. Demonstration of a bona-fide miRNA-mRNA relationship is challenging and requires approaches from many angles, including identification of mRNA targets in vivo. A miRNA must be present at the same time and in the same cell as its target transcript for regulation to occur (although there is emerging evidence for miRNAs being exported from the cell; see Gursanscky et al. 2011) . Therefore, expression patterns for the miRNA, its predicted target transcript, and the protein need to be well characterised. To this end, we are currently comparing next generation sequencing data sets for chicken gonadal miRNAs with gonadal mRNAs. Alternative methods of validating next generation miRNA sequencing include Northern blots and whole-mount in situ hybridisation (WISH) to detect miRNA and mRNA transcripts, and Western and immunostaining to detect protein levels. Northern versus Western blotting of target genes may clarify if a given mRNA is regulated by translational inhibition. WISH data can complement blot data, and determine if expression of miRNAs and potential targets spatially overlap within a tissue.
A number of biochemical approaches have recently been developed to identify miRNA targets on a more global scale (Brennecke et al. 2005; Karginov et al. 2007; Bartel 2009 ). For example, cross-linking immunoprecipitation (CLIP) involves isolating and crosslinking miRNA-RISC complexes followed by immunoprecipitation and high throughput sequencing (Chi et al. 2009; Zisoulis et al. 2011) . MiRNA-mRNA interactions can also be identified using "pull-down" type assays. For example, biotinylated miRNAs can be transfected into appropriate cell cultures to hybridise to endogeneous mRNA targets and then captured via streptavidin solid phase (Ørom and Lund 2007) . RNA can then be purified and analysed to identify the targets. Another example involves pulling-down miRISC complexes by immuno-purification of FLAG-tagged RISC (Easow et al. 2007 ). Both miRNAs and mRNAs can be identified by microarray or sequencing, and potential targets can be determined by matching enriched miRNAs sequences to enriched miRNA binding sites present in the isolated mRNAs (Easow et al. 2007 ).
These methods may show a close association between individual miRNAs and potential mRNA targets; however, they do not prove functional interactions. Luciferase reporter assays have been widely used to demonstrate specific miRNA interaction with predicted target transcripts (Lee et al. 2006; Easow et al. 2007; Li et al. 2007; Lytle et al. 2007; Lin et al. 2008; Takada et al. 2009; Xu et al. 2011) . In these experiments, the 3′ UTR of putative target genes are cloned downstream of a luciferase reporter and expressed in the presence of potential regulatory miRNAs. A functional interaction between the 3′ UTR and the co-expressed miRNA is expected to reduce luciferase expression. We are currently testing chicken TGF-β 3′UTRs for regulation by miRNAs using this method.
The exact role of miRNAs, if any, during gonadal sex differentiation is still unknown. In vivo modulation of miRNA expression is likely to give the clearest insight into function, irrespective of target mRNA predictions. We are currently using the RCAS chicken retroviral vector to over-express endogenous miRNAs or synthetic siRNAs, using a Pol III (U6) promoter ). Alternatively, we are exploring the use of so-called molecular sponges, which act as decoys to bind endogenous miRNAs in a sequence specific manner and effectively knock down their function Ebert and Sharp 2010) . Theoretically, such sponge sequences could be delivered to developing chicken embryos using the RCAS viral vector. Another approach involves the use of antagomirs to knockdown miRNA function in ovo (Krützfeldt et al. 2005 (Krützfeldt et al. , 2007 . This approach has been used to knockdown the function of miR-196 in ovo, revealing a role for this miRNA in patterning the axial skeleton in chicken embryos (McGlinn et al. 2009 ).
Conclusion
MiRNAs are important regulators of gene expression in animals, playing roles in cell fate decisions, development, and disease. However, our understanding of gonadal miRNAs and their role during sexual differentiation is rudimentary. Expression profiling suggests that miRNAs have a function in embryonic gonadal development. In the chicken gonad, a large number of miRNAs are expressed, some of which show sexually dimorphic expression patterns during differentiation. We have found that miR-101, miR-31 and miR-202-5p show expression patterns strongly indicating a role in gonadal sexual differentiation. Functional analysis will define the precise roles for these miRNAs in testicular and ovarian development.
